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Abstract— This paper describes the underlying principles, 
design and operation of a new type of latching micromagnetic 
relay. The device is based on preferential magnetization of a 
soft magnetic cantilever in a permanent external magnetic field. 
Switching between two stable states is accomplished by momen- 
tarily changing the direction of the cantilever's magnetization by 
passing a short current pulse through a planar coil situated under 
the cantilever. Once the relay is switched, it is held in this non- 
volatile state by the permanent external magnetic field. Latching 
operation has been demonstrated for devices having two different 
cantilever geometries and a variety of sizes. Characterization 
has been performed under dc and ac conditions. The minimum 
(lead-to-lead) resistance through the switch is approximately 
50 mCl. The switching current and minimum switching pulse 
width are 79 mA and 0.2 ms, respectively. The operating voltage is 
about 5 V. The switching energy consumption is < 93 /ij. [553] 

I. Introduction 

LATCHING relays are a bistable type of electromagnetic 
switch that can retain an "on" or "off" state in the absence 
of applied power and consequently, are nonvolatile. Some ad- 
ditional component, such as a magnet that can reversibly bind 
or oppose the normal switch operation, is normally added to a 
relay to achieve the latching feature. This type of switch is par- 
ticulai iy useful for applications that require minimal power con- 
sumption, such as satellites and portable electronics, and also for 
low resistance, programmable configuration switches, perhaps 
in automatic test equipment (ATE) and automobile electronics. 

The current interest in and development of microelectrome- 
chanical (MEMS) switches has highlighted the prospect of 
using microelectronics fabrication methods to produce micro- 
latching relays. The motivation being that batch-fabrication 
will inevidably reduce production costs while enabling new 
applications that arise from the reduction in size and the ability 
to integrate multiple components. Recent publications have 
described a number of high-quality microswitches based on 
electrostatic [1H7], magnetic [8]-[18], and thermal actuation 
[ 19]-[21], but of the reports we are aware of, only the thermal 
switches reported by Sun et al [19] and Kruglick et al [20] 
have demonstrated latching operation. Presumably, this is 
attributable to the difficulty of devising a latching mechanism 
compatible with surface micromachining fabrication methods 
that are typically used to fabricate electrostatic and magnetic 
switches. 
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Fig. 1. Top and side views of the latching relay. Planar coils are integrated 
on the same substrate underneath the cantilever. A permanent magnet provides 
the constant magnetic field H 0 . The A" -component of the coil current-induced 
magnetic field changes the magnetization of the permalloy beam (m), which 
results in a torque on the beam to force it either down or up. The permanent 
magnetic field holds the state of the beam (either up or down) so that no power 
is necessary during the quiescent state (latching). 

In this paper, we describe a new type of latching (bistable) 
micromagnetic relay based on the preferential magnetization 
of a permalloy cantilever in a static external magnetic field. 
Switching between two stable states is accomplished by 
momentarily energizing a planar coil that is situated under the 
cantilever. The switching coil produces magnetic field that 
reverses the magnetization of the cantilever and causes the relay 
to switch. Once switched, the device is latched by the external 
field and will remain in this state until the coil is reenergized. In 
the following sections, we will explain the operation principles 
and discuss the design, fabrication, and device performance. 

II. Principle of Operation 

The basic structure of the microswitch is illustrated in Fig. 1 . 
The device consists of a cantilever, an embedded planar coil, a 
permanent magnet, and the necessary electrical contacts. The 
cantilever is a two-layer composite consisting of a soft mag- 
netic material (e.g., NiFe permalloy) on its topside and a highly 
conductive material, such as Au, forms the bottom surface. The 
cantilever is supported by torsion flexures from the two sides 
[see Figs. 1 and 2(a)]. The flexures are electrically conductive 
and form part of the conduction path when the switch is closed. 
A second design variation that has also been explored is a more 
conventional structure where the cantilever is fixed at one end 
and is free to deflect at the opposite end [see Fig. 2(b)]. The 
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Fig. 2. Photographs of the fabricated devices, (a) Hinged type: the cantilever 
dimensions are 800 /#m X 200 /<m x 25 /tm with torsion flexures located in the 
cantilever center Each flexure has dimensions of 280 /<m x 20 /*m x 3 /im. 
The air gap spacing is 12 /7 m. The number of coil turns is 20. (b) One-end-fixed 
type: the cantilever size is 700 /tm x 300 /tm x 5 /<m with an additional 
25-/rm-thick permalloy layer in the main body of the cantilever (the rectangular 
shaped region). The air gap spacing is 12 /*m. The number of coil tums is 20. 

contact end to the right of the cantilever can be deflected up or 
down by applying a current through the coil. When it is in the 
"down" position, the cantilever makes electrical contact with the 
bottom conductor, and the switch is "on" ("closed"); when the 
contact end is "up", the switch is "off' ("opened"). The perma- 
nent magnet holds the cantilever in either the "up" or the "down" 
position after switching, making the device a latching relay. 

A. Method to Produce Bistability 

When the length L of a permalloy cantilever is much larger 
than its thickness t and width w, the direction along its long axis 
(L) becomes the preferred direction for magnetization (easy 
axis). When such a cantilever is placed in a uniform permanent 
magnetic field, a torque is exerted on the beam (see Fig. 3). The 
torque can be either clockwise or counterclockwise, depending 
on the initial orientation of the beam with respect to the mag- 
netic field. When the angle (a) between the beam axis (£) and 
the external field (H 0 ) is smaller than 90°, the torque is coun- 
terclockwise; and when a is larger than 90°, the torque is clock- 
wise. The bidirectional torque arises because of the bidirectional 
magnetization (by #0) of the beam (from left to right when 
a < 90°, and from right to left when a > 90°). Due to the 
torque, the beam tends to align with the external magnetic field 
(Ho)> However, when a mechanical force (such as the elastic 
torque of the beam, a physical stopper, etc.) preempts to the total 
realignment with Ho, two stable positions ("up" and "down") 
are available, which forms the basis of latching in the relay. 

B. Electrical Switching 

If the bidirectional magnetization along the easy axis of the 
beam arising from Ho can be momentarily reversed by applying 
a second magnetic field to overcome the influence of (if 0 ), tnen 
it is possible to achieve a switchable latching relay. This sce- 
nario is realized by situating a planar coil under the cantilever 
to produce the required temporary switching field. The planar 
coil geometry was chosen because it is relatively simple to fab- 
ricate, though other structures (such as a wrap-around type) are 
also possible. The magnetic field (H co n) lines generated by a 
short current pulse loop around the coil. It is mainly the ^-com- 
ponent (along the beam, see Fig. 3) of this field that is used to 
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Fig. 3. Schematic drawings of the hinged type relay for discussions. Ho is the 
magnetic field due to the permanent magnet, £ is the long axis of the beam is 
perpendicular to £ and intersects with £ at the rotation axis of the beam), m is the 
magnetic moment of the beam, « is the angle between Ho and £ , <? = 90° — r» , 
and Ac is the deflection height at the contact end from the horizontal position. 
The air gap spacing is equal to Ac when it reaches maximum (the switch closes). 

reorient the magnetization in the beam. The direction of the coil 
current determines whether a positive or a negative £-field com- 
ponent is generated. After switching, the permanent magnetic 
field holds the beam in this state until the next switching event is 
encountered. Since the ^-component of the coil-generated field 
(H co ii- £ ) only needs to be momentarily larger than the ^-compo- 
nent [Hot ~ #0 cos (a) = Ho sin(<£), a = 90° — <p] of the per- 
manent magnetic field and <j> is typically very small (<f> < 5°), 
switching current and power can be very low, which is an im- 
portant consideration in microrelay design. 

The operation principle can be summarized as follows, A 
permalloy cantilever in a uniform 1 magnetic field can have a 
clockwise or a counterclockwise torque depending on the angle 
between its long axis (easy axis, O and the field. Two bistable 
states are possible when other forces can balance the torque. A 
coil can generate a momentary magnetic field to switch the ori- 
entation of magnetization along the beam and thus switch the 
cantilever between the two states. Next, we discuss the design 
and fabrication. 

III. Design and Fabrication 

A. Torque and Force Calculations 

Assuming a uniform magnetization of the beam, the magnetic 
moment can be expressed as m = MV, where M is the magne- 
tization in the beam and is determined by the external magnetic 
field, the beam geometry and magnetic properties, and V is the 
volume of the beam. The magnetic bending moment r m is ob- 
tained using 

T in = m x B 0 = 110m x H 0 (1) 

where Bo = mo#o is the magnetic induction of the applied field 
and jj>o is the permeability of free space. 

Unlike other cantilever switches, these relays do not rely on 
a mechanical restoring force to operate. In fact, the elastic me- 
chanical forces associated with the cantilever are generally par- 
asitic contributions (except to define the open-switch deflection 
endpoint) and, as discussed below, are intentionally reduced by 

l In practice, the field can be just approximately uniform. 

Best Available Co- -v 



C ;RUAN « al: LATCHING MICROMAGNETIC R 



513 



'O 

O 0 

0) 

E" 

£ -1 



-2 




"•90 -60 -30 0 30 60 
Angle p (degree) 



L=1000i 




200 400 
H (A/m) 



-4-3-2-1 0 1 2 3 4 

Angle <j> (degree) 

Fie 4 Calculated magnetic and elastic (in the flexure) torque of the cantilever with three different lengths according to ( 1 ) and (3) respectively. In this particular 
case two stable states (filled circles) exist for the two longer cantilevers (800 and 1000 //m) while only one stable state is possible for the short beam (600 ;im). 
The elastic torque (dashed) exceeds the magnetic torque (solid) for all p for the short beam. The top-left inset is an exploded plot showing the whole deflection 
range The bottom-right inset shows the permalloy D-H curve used for the cantilever in our calculation. Other parameters are: H Q = 3 t 0 Oersted, the cantilever 
dimensions are: w = 200 /im, t = 25 /tm, r = 2 /im, h = 12 //m. The flexure dimensions are 280 /<m x 20 /rm x 3 /tm. 



design. If we neglect the elastic force, the contact force magni- 
tude is 



F ^ ~ = rwt^ 0 MH 0 sin(a) 



(2) 



where L r is the length of the beam to the right of the pivot 
(on the contact end), and r = L/L r . When L T approaches L, 
the cantilever transitions from hinged-type to the one-end-fixed 
type. All parameters (r, t, #o, a) appearing explicitly in (2) 
affect the force and thus the contact resistance. Other parame- 
ters, such as the susceptibility x and the demagnetization factors 
(£>i, i = x, y, z) can also implicitly affect the force through the 
M-H dependence. 

At this point, it is appropriate to consider two important is- 
sues: bistability and contact resistance. From the above discus- 
sions, we know that the magnetic bending moment is bi-direc- 
tional depending on the angle between m and H 0 . Bistability 
exists as long as other factors (such as the elastic torque due to 
the cantilever) are not dominant. Consider the structure shown 
in Figs. 1 and 2(a) where a cantilever is supported by torsion 
flexures from the two sides each having a length L $J thickness 
£ 5 , width v) s> positioned at L r from the right-end. The magni- 
tude of the elastic torque r e is given by [22] 



Te = r P 



(3) 



where fl is the string twist angle around its section-center and 
G is the shear modulus of the string material. For gold, G = 27 
GPa is used in the calculation, k is a constant determined by the 
ratio of t s /w s . In reality, the flexures may not be confined to 
only rotate around their center, it can also be stretched vertically 
or horizontally when the cantilever rotates. Consequently,(3) is 



an approximation. We have also neglected the gravitational ef- 
fect because it is insignificant compared to the magnetic ef- 
fects in this case. Fig. 4 shows the calculated magnetic and 
elastic torque according to (1) and (3), respectively. The mag- 
netic field strength used in the calculation is Ho = 370 Oersted 
(2.94 x 10 4 A/m), which corresponds to jBo = 0.037 Tesla 
and the torsion flexure is placed at the center of the cantilever 
(r = 2) in the calculation (other parameters are given in the 
figure caption). It can be seen that the magnetic torque is larger 
than the elastic torque (|r m | > |r c [) for small angle cf> in the 
cantilevers with lengths of 800 and 1000 fim while the elastic 
torque dominates in the shorter cantilever (L = 600 /zm). Thus, 
bistability exists in the two longer cantilevers but not in the short 
one. For an air gap spacing of h = 12 /im, the two stable posi- 
tions are <j> = ± sin" 1 (12/500) = ±1.38° for the cantilever of 
length 1000 /.tm and <j> = ± sin*" 1 (12/400) = ±1.72° for the 
cantilever of length 800 /xm, if we neglect the bottom contact 
height. A larger angle yields a more stable relay because of the 
larger magnetic torque preventing the cantilever from switching. 
The tradeoff is the requirement of a larger switching current and 
thus higher power consumption. 

The contact force critically determines the contact resistance. 
From (2) we can see that all the geometry factors (r, t) af- 
fect the force. In our design, the permanent magnetic field holds 
the cantilever to the "on" or "off' state without any power con- 
sumption. Thus the magnetization (M) in the cantilever is in- 
duced purely by the permanent magnet during the quiescent 
mode and is directed along the easy axis (£ in Fig. 3) due to 
the geometry. This M is proportional to the f component of 
H 0 :M ~ xHo cos(a). For a strictly uniform magnetic field H 0 
in the vertical direction and when the cantilever is in the hori- 
zontal position (a = 90°), Af is essentially zero, an unstable 
equilibrium state. Larger angle <f> gives a larger M, and a larger 
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Fig. 5. Calculated contact force as a function of the permanent magnetic flux B 0 [see (2)]. The cantilever dimensions are the same as in Fig. 4. 

force. For a given air gap spacing, the angle <p can be adjusted 
by choosing the location of the supporting torsion flexure (or 
t — L/L r ). Contact forces are calculated using (2) and shown 
as functions of external magnetic field strength in Fig. 5. We can 
see that the contact force increases with B 0 with a larger than 
linear slope. 

B. Switching Field 

The current-induced coil magnetic field has both an X and 
a Z component. It is mainly the X component that is used for 
switching. 

The magnetic field distribution around the planar coil can be 
calculated using the Biot-Savart Law as follows: 
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A numerical analysis was used to calculate the magnetic field 
distribution. The calculated magnetic induction at positions 
Z = 4 fj.m above the X-axis is shown in Fig. 6. B C o\\-z and 
BcoiKY are the components along Z- and X-axis respectively. 
The coil has 25 turns with an equal spacing of AX = 20 
between the turns. The current in the coil is 50 mA. Because the 
beam lies in the positive side of the X-axis, the X-component 
of the magnetic field is shown in greater detail for this region 
in Fig. 6(b) (for several different heights, Z = 4-32 /xm). The 
oscillatory behavior in B col \ for small (Z = 4 fxm) is due to the 
finite spacing (AX = 20 fim) between coil lines and gradually 
disappears when Z becomes large. The average induction 
strength is in the range between 0.001 Tesla and 0.002 Tesla. 

To evaluate under what conditions the coil current can switch 
the relay, the magnetization process needs to be examined in 
more detail. As mentioned above, when the aspect ratio of a 
beam is large (i.e., L > w > t\ the magnetization primarily 
aligns in the direction of L- Much smaller components of the 




3DOCID <XP 1124525A I > 



Fig. 6. (a) Calculated coil current-induced magnetic field (-V- and Z- 
components) at 4 fim above the coil, (b) The A' -component of the coil current- 
induced magnetic field at 4, 16, and 32 //m above the coil. The origin of the 
axis is located at the center of the planar coil. 



magnetization also exist along the directions of w and t , but can 
be neglected due to the large demagnetization in these direc- 
tions. Thus the beam's magnetization is primarily determined 
by the external field component along its long axis. To switch 
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the relay, the coil current-induced magnetic field (B col \-s) must 
overcame the external field (BoO along the cantilever's length, 
at least momentarily. 

Consider the center-hinged type cantilever as an example 
to estimate the magnetic field strengths. We assume L = 
800 /im, w = 200 /im, t = 25 Ltn\, the stage height 
(air gap spacing) h = 12 ^m, and the external mag- 
netic field Bo - 0.037 Tesla (equivalent to Ho = Bo/mo = 
[0.037/(4tt x 10" 7 )] x4tt x 10" 3 = 370 Oersted). The key pur- 
pose is to verify that B C o\\-z > B o* when the cantilever is in the 
"close" position (the result also applies to the "open" case be- 
cause of the symmetry). Boe depends on both B 0 and the angle 
a [Bqz = £o cos(a)]. When the cantilever is in the "close" po- 
sition, we obtain a = 180°-arccos (12/0.5L) = 180°-arccos 
(12/400) = 91.72°. So, we have B 0 £ = -0.0011 Tesla. On 
the other hand, £ C oiK « B coU -x sin(a) « Bcoii-A'. and its 
average value is around 0.0014 Tesla at the height of 12 /im 
[see Fig. 5(b)]. We can see that under these conditions, a 50 mA 
current in the planar coil is able to generate a magnetic field 
large enough to reverse the magnetization in the cantilever and 
switch the relay. The analysis applies to other cases where the 
supporting torsion flexure is not located exactly at the center 
of the cantilever (r = 2), and the switching current can be 
different between the two switching events. Another point 
worth noting is that because current-induced coil magnetic 
field only needs to overcome the £ -component of the external 
field (B 0 ) and not the w component, the switching current can 
be- relatively small. 

C. Fabrication 

Conventional surface micromachining techniques were used 
to fabricate the latching relays. The device was fabricated on a 
Si-substrate covered with an insulating dielectric. An Ag coil 
was formed by e-beam evaporation and wet etching. A poly- 
imide layer was spin-cast on to cover the coils. Then bottom 
Au contact layers were deposited and patterned. Photoresist was 
used as a sacrificial layer. The cantilever was formed by electro- 
plating NiFe permalloy on a Au seed layer. The cantilever was 
then released, and the relay diced and finally mounted on a per- 
manent magnet. 

IV. Results and Discussion 

Latching micro relays of both the center-hinge and fixed-end 
type have successfully been demonstrated. A number of dif- 
ferent beam dimensions — ranging from 10 /urn < w < GOO ;xm, 
80 fim < L < 1000 /xm, 10 /xm < t < 30 /im, and 12 /xm < 
h < 18 fim — have been evaluated for both cantilever types. A 
20-turn coil was used for all the devices. 

Photographs of two types of micro magnetic relays (center- 
hinged and fixed-end) are shown in Fig. 2. Both types are fully 
functional; demonstrating both latching operation and electrical 
switching. 

A. Resistance 

Resistance was measured using the four-probe method. For 
a typical hinged-type relay (L = 1000 ^zm, w = 500 /im, 
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t - 30 /xm, h — IS /im, L s - 280 /xm, w s = 40 /xm, t s = 
4 /zm, L r = 190 /xm or r = 2.63), the measured lead-to-lead 
resistance was 52.8 mQ under a 410 Oersted permanent magnet 
field with a switching current of 1 1 8 mA. It is interesting to note 
that, for this particular device, the series resistance increased to 
71 mQ when the magnetic field was reduced to 315 Oersted, but 
the switching current could then be reduced to less than 100 mA. 
We have estimated the series resistance due to the torsion flex- 
ures to be around 20 mf2. 

The corresponding contact forces were estimated using (2) 
(see also Fig. 5). For the relay with parameters provided in the 
previous paragraph, the calculated contact forces were around 
24 / t N and 41 /xN for the magnetic field strengths of 315 Oer- 
sted and 410 Oersted, respectively. These values are consistent 
with the resistance range of 10-70 mQ derived from Schimkat's 
work [23], and does not differ greatly from the 80 to 200 mft 
range obtained from Hyman and Mehregancy's work [24]. In 
our calculation, we have neglected the restoring force due to the 
torsion flexures and the net attractive magnetic force due to the 
nonuniform field distribution. The torsion flexure decreases the 
contact force and the attractive magnetic force increases it. 

B. Switching Characteristics 

Electrical switching characteristics are shown in Fig. 7. A 
waveform generator (HP33120A) was used to produce the coil 
current pulses for switching. A dc voltage of 3.2 V was applied 
to the relay with a load resistor (Rl = 5 kft) in series. Both the 
input signal (V in ) and the relay signal (V^ on the load) were 
recorded on an HP Oscilloscope (HP54615B). The input pulse 
width was 0.2 ms and the duty cycle was 10 ms. The magnitude 
of the driving pulse was 5.9 V, which corresponds to a current of 
79 mA with a coil resistance of 75 ft. As can be seen, a negative 
current pulse through the coil turns off the relay and a positive 
pulse turns on the relay. Between the pulses, the relay latches 
in a stable state without any power consumption. The turn-on 
and -off transient characteristics are shown in the enlarged plots 
in Fig. 7. The input current pulse rise time is approximately 
0.01 ms. The relay has a much faster response from the "on" 
to "off ' state than from the "off to "on" state. The transient 
results show that the relay is switched off within 0.07 ms and 
is switched on within 0.40 ms after the switching pulse is trig- 
gered. It is not too difficult to understand this difference in the 
relay response time, which is explained as follows. 

The total relay switching time is determined by the sum of 
the following factors: 

1) the rise time of the coil current to its critical switching 
value; 

2) the time to realign the magnetization of the cantilever; 

3) the contact adhesion; 

4) the traveling time for the cantilever to rotate from one 
state to the other. 

The bottleneck is 4), at least for the "off* to "on" switching. 
In order for the relay to be switched on, the cantilever needs to 
close the gap, which is ~ 12 /xm. How fast the cantilever can ro- 
tate depends on the magnitude of the torque and the cantilever' s 
moment of inertia. In general, a faster time can be obtained with 
a larger torque, smaller moment of inertia, and smaller gap. 
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Fig. 7. Measured switching characteristics of the relay. The driving 
voltage pulse (V in ) magnitude is ±5.9 V with a pulse width of 0.2 ms. 
The corresponding driving current pulse magnitude is ±70 mA. The relay 
dimensions are 800 //m x 200 /*m x 25 /*m with the torsion flexure 
located at the cantilever center (r = 2). The dimensions of each flexure are 
280 /<m x 20 /im x 3 /*m. The air gap pacing is 12 jim. The permanent 
magnet field strength is 370 Oersted (0.037 Tesla). 



We have estimated the switching time based on the relay pa- 
rameters given above. The magnetic bending moment (|r m | = 
8.7 x 10" 10 N-m) is calculated using (1) by using the can- 
tilever magnetic moment (\rn\ — 2.35 x 10" 8 A-m 2 ) due to the 
coil-current-induced field (£ C oiK = 0 0012 Tesla). We have 
used H 0 = 370 Oersted (2.94 x 10 4 A/m) in the calculation. For 
simplicity, we assume |r m | to be a constant during switching. 
The approximation is not too bad considering the small rotation 
angle Aa from "off' to "on" state (88.3° < a < 91.7° in this 
design, so Aa = 3.4°). The moment of inertia of the cantilever 
around its center is 



(5) 



where ft is the cantilever's mass. / is estimated to be about 1.9 x 
10" 15 kg • m 2 . So from equation 



d 2 a 
dt 2 



(6) 



we can derive the time for the cantilever to travel from "off" to 
"on" to be 



Aa 



(7) 



The calculated traveling time is about 0.5 1 ms, in close agree- 
ment with the observed result. 

The time to switch off the relay is much shorter because as 
soon as the cantilever leaves the bottom contact, the electrical 
connection is open. Ideally, this delay should be approximately 
equal to the time for the switching current to rise to a crit- 
ical switching value plus the time to reverse the magnetization, 
which is a fast process. The origin of the much longer measured 
delay time 0.07 ms (» 0.01 ms) delay is not fully understood. 
It may be due to contact adhesion (van der Waals force, elec- 
trostatic forces, or bridging at the contact due to heating, etc.), 
which hinders the cantilever's release from the bottom contact. 

The minimum switching pulse width determines the min- 
imum switching energy consumption. For the device under 
discussion, the measured minimum switching pulse width 
is 0.2 ms with a switching current magnitude of 79 mA 
(5.9 V) and a permanent field strength of H 0 = 370 Oersted 
(2.94 x 10 4 A/m). The minimum switching energy is thus 
93 /iJ. For latching purposes, the minimum switching pulse 
width is determined by the time for the cantilever to travel from 
its stable position (either "up" or "down") to the horizontal 
position (a = 90°). Too short a switching pulse will result in 
the cantilever reversing its direction of rotation and returning 
to its original state without switching. For this reason, we 
can expect the minimum switching pulse width to be equal 
to toff— on/2 « 0.25 ms (compared to the measured value of 
0.2 ms), and to be approximately equal for "off* to "on" and 
"on" to "off" cases (symmetrical design with r = 2), which is 
consistent with observations. 

C. Reliability 

The maximum dc current is > 500 mA. Lifetime tests were 
performed on a relay with the following dimensions: L = 
1000 ^m, w = 500 /urn, t = 30 /im, L s = 280 /mi, w 6 = 
40 //m, t s — 4 fim, r = 2, h = 12 /xm. The permanent 
magnetic field strength was 370 Oersted and the switching 
current was 100 mA. No mechanical or electrical degradation 
(permanent contact resistance change) were observed after the 
relay was switched for 4.8 x 10 6 cycles in ambient conditions 
with an "on" current of 240 /iA. Momentary resistance changes 
were occasionally observed during test and might have been 
due to particles in the air. Further evaluations are under way to 
better understand the long-term contact properties. 

V. Summary 

This paper describes a new type of latching micro magnetic 
relay (see Fig. 1) that has recently been demonstrated. The de- 
vice is based on preferential magnetization of a permalloy can- 
tilever in a permanent external magnetic field. Switching be- 
tween two stable states is accomplished by a short current pulse 
through an integrated coil underneath the cantilever. Some key 
features are summarized as follows: 

1) latching (bistable); 

2) low energy consumption during switching (< 93 jxJ, 
switching current ~ 79 mA, minimum switching pulse 
width ~ 0.2 ms); 



3) low voltage operation (< 5 V); 
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4) maximum dc current > 500 mA; 

5^capable of various switch configurations [single-pole- 
single-throw (SPST). muiti-pole-single-throw (MPST), 
or multi-pole-doublc-throw (MPDT)]; 

6> low contact resistance ( < M) mH); 

7) operation in ambient environment; 

8) lifetime expected to be comparable to other micro relays; 

9) batch fabrication using planar processing methods. 

The most significant advantage of this relay is its bistability 
and consequent elimination of power consumption in the qui- 
escent states. Other desirable properties (such as low contact 
resistance, low operation voltage, high off-state isolation, sim- 
plicity of design and fabrication, fast switching and large actu- 
ation force) also make the device a good candidate for applica- 
tions in automatic testing equipment, smart interconnects, and 
other fields that require latching relays. 
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